Silica carriers equipped with molecular and supramolecular pH-sensitive nanovalves were designed by combination of sol-gel synthesis and selective postsynthetic modification. Mesoporous structure of synthesized materials was characterized by low-temperature nitrogen adsorption-desorption, small-angle X-ray diffraction and transmission electron microscopy. Chemical immobilization of N-[N 0 -(N 0 -phenyl)-2-aminophenyl]aminoalkyl groups was confirmed by IR spectral and chemical analyses of surface layer. Loading and release behaviour of synthesized drug carriers was studied in phosphate buffer solutions with pH 5.0 and pH 7.0 using doxorubicin (Dox) as a test molecule. It was found that the loading efficiency of synthesized materials determined by UV spectroscopy measurements reached 59-76%, whereas cumulative value of Dox released from silica materials equipped with molecular and supramolecular nanovalves into the phosphate buffer solution with pH 5.0 reached up to 48% and 51%, respectively. It was proved that aromatic amino groups and surface supramolecular structures localized near pore openings play an essential role in pH-controlled Dox release.
Introduction
Nanostructured carriers of biologically active substances have great potential for biomedical application due to the low toxicity, improved pharmacokinetics and efficacy [1] [2] [3] [4] . However, the predominant majority of them immediately release encapsulated compounds upon dispersion in water. The preliminary drug release leads to its undesired uptake by healthy cells, substantial decrease of the amount of active substance that enters the diseased cells and reduction of the effectiveness of therapy on the whole. Therefore, controlled delivery of drugs is one of the most promising techniques for efficient treatment of diseased tissues.
MCM-41-type silicas that are capable of controlled drug release under the influence of various external stimuli are among some of the most promising materials [5] [6] [7] [8] . This is caused by combination of unique properties of silica (high drug loading capacity, tunable pore morphology, easy functionalization, biocompatibility) with the ability of immobilized nanostructures to respond to external influences. Construction of pH-sensitive molecular [9] [10] [11] [12] [13] or supramolecular [14] [15] [16] [17] [18] [19] [20] [21] [22] pore-blocking structures on the surface of silica nanoparticles with hexagonally arranged mesoporous channels causes a great interest of scientists as a promising approach to the creation of transport systems for pH-controlled drug release. Their action is based on the difference between the acidity of the tissues in which an inflammatory process takes place and the physiological pH of healthy cells, in particular, the acidity of tumour cells is substantially lower than that of normal ones.
Despite of variety of constructed molecular or supramolecular devices preventing uncontrollable release of biologically active molecules from internal volume of MCM-41-type silica carriers, the immobilization of molecular nanovalves on silica surface with subsequent construction of supramolecular ones and comparative analysis of their action have not been carried out. The primary & 2016 The Author(s) Published by the Royal Society. All rights reserved.
objective of this work was to design silica carriers equipped with protolytically ionizable self-assembling organic moieties, molecular nanovalves, and study their effectiveness in pH-controlled delivery of biologically active substance in comparison with supramolecular ones formed with b-cyclodextrin (b-CD) participation. Doxorubicin hydrochloride (Dox), an antimitotic anthracycline antibiotic widely used in chemotherapy of solid tumours, was chosen as a model drug to assess the drug loading and releasing behaviours of synthesized silica materials. Clinical usage of Dox is limited because of its significant dose-dependent side effects which can lead to cumulative cardiotoxicity [23] . Biocompatible silica nanoparticles have been extensively studied as drug delivery systems for controlled Dox release. A variety of hollow mesoporous silica nanocages [24 -29] , polymercoated [30] [31] [32] and polymer-grafted [33, 34] mesoporous silica carriers, multifunctional silica nanoparticles with pHresponsive bonds [35] [36] [37] [38] [39] , mesoporous silicas equipped with pH-sensitive nanovalves [20, 40] were prepared and tested for effective delivery of Dox to tumours. In this work, pH-responsive molecular and supramolecular nanovalves were designed on the external surface of MCM-41 silica by combination of sol -gel synthesis and postsynthetic modification. The loading and release behaviour of obtained silica materials was studied to estimate their efficiency in pH-controlled Dox release.
Experimental

Material and methods
Tetraethyl orthosilicate TEOS (from Merck, purity ! 99%), (chloromethyl)trichlorosilane CMTCS (from Merck, purity ! 95%), (3-chloropropyl)triethoxysilane CPTES (from Aldrich, purity ! 95%), 2-aminodiphenylamine 2-ADPA (from Merck, purity ! 97%), b-CD (from Fluka, purity ! 99%), decyltrimethylammonium bromide DTAB (from Acros, purity ! 98%), acetonitrile (from Reakhim, analytical grade), Dox (from Sigma-Aldrich, purity ! 98%), phosphoric acid (from Reakhim, analytical grade), disubstituted sodium phosphate and monosubstituted potassium phosphate (all from Reakhim, pure analytical) were used without additional purification.
IR spectra of mesoporous silicas were recorded in frequency range from 4000 to 400 cm 21 using a Thermo
Nicolet NEXUS FT-IR spectrophotometer. Low-temperature nitrogen adsorption -desorption isotherms of silica materials were registered at T ¼ 77 K in the region of relative pressures from 0.06 to 0.99 in increment of 0.015 with a Sorptometer Kelvin-1042. Before analysis, the silicas were degassed at 413 K under vacuum for 20 h. Specific surface area (S BET ) was calculated by the Brunauer -EmmettTeller (BET) equation. The pore diameters (D) and their distributions (dV/dD) were calculated by density functional theory (DFT) method. Pore volumes were estimated at relative pressure of 0.99.
X-ray diffraction spectra were registered by use of a diffractometer DRON-4-02 with monochromatic CuK a emission (l ¼ 1.54178 Å ) and nickel filter. Interplanar distances (d) were estimated using Bragg diffraction equation [41] . The unit cell parameters (a) were calculated as in [42] .
Transmission electron microscopy (TEM) images of initial silica were registered on a JEM-100CXII (JEOL, Japan) electron microscope at 200 kV. Silica samples were deposited onto carbon-coated copper grids as holders.
UV spectra of Dox buffer solutions were recorded at a wavelength of 483 nm with a Specord M-40. Quartz cells with 2 mm path length were used.
pH of buffer solutions were measured by an Ionometer I-160.
The content of grafted halogenoalkyl groups of mesoporous silicas was determined by the titration of chloride anions which are released as a result of alkaline hydrolysis of the C-Cl bonds [43] with mercury(II) nitrate [44] . The amount of N-(2-aminoethyl)-3-aminoalkyl groups of modified silicas was estimated from the results of the potentiometric titration with 0.01 M HCl. [45] .
Synthesis of MCM-41-type silicas
Silica materials with hexagonally arranged uniform mesopores were synthesized using the previously reported approach [13] for base catalysed sol-gel condensation of TEOS in the presence of structure directing agent. Condensation procedure was realized in water -ethanol -ammonia solution with DTAB as a template. The molar composition of the solution was 0.1 TEOS : 0.02 DTAB : 0.47 NH 4 OH : 0.47 C 2 H 5 OH : 13.6 H 2 O. The precipitated white product was kept in the reaction mixture with stirring for 2 h, then transferred to a polypropylene bottle and aged at 373 K for 24 h. After hydrothermal treatment synthesized silica was filtered, washed with 100 ml of deionized water and dried in air at 373 K for 3 h.
Selective chemical modification of outer surface of template-containing MCM-41 silica particles with vapours of CMTCS or CPTES was carried out by use of special vacuum equipment [46] . After the chemical modification procedure the surfactant was extracted from the pore channels of CMTCS-MCM-41 and CPTES-MCM-41 silicas in acid -ethanol medium. . Briefly, halogenoalkyl silica was placed into a three-necked reactor supplied with a stirrer and a reflux condenser, and suspended in a small amount of acetonitrile at room temperature for 30 min. Then, threefold excess of 2-ADPA relative to the content of surface chloroalkyl groups was dissolved in acetonitrile and added to the reaction mixture. Modification was carried out with continuous stirring at solvent reflux temperature (355 K) for 12 h. Synthesized ADPA-CMTCS-MCM-41 and ADPA-CPTES-MCM-41 silicas were filtered and washed sequentially with acetonitrile, ethanol and distilled water. Resulting products were dried in air at 373 K for 2 h, then cooled to room temperature and kept in a desiccator before use.
Doxorubicin loading studies
Loading of Dox into the mesopore channels of silica carriers was realized in phosphate buffer solution. In particular, silica materials (0.04 g) were dispersed in Dox buffer solutions with pH ¼ 7.0 (1 ml, 2 mg Dox ml
21
) and agitated at 298 K for 24 h. To construct surface nanovalves, b-CD (0.04 g) was added to the suspensions of Dox-loaded ADPA-CMTCS-MCM-41 and ADPA-CPTES-MCM-41 silicas before stirring for another 24 h. Each of the products was separated by centrifugation and rinsed with buffer solution (2 ml); the procedure was repeated twice. The supernatant solutions were collected in volumetric flasks and diluted up to 25 ml. To evaluate the content of loaded Dox its concentrations in supernatant solutions were determined by UV spectroscopy measurements at a wavelength of 483 nm.
Dox loading efficiency of silica carriers was estimated by the equation 
Doxorubicin release studies
To analyse the pH-controlled release, Dox-loaded silicas were redispersed in 25 ml of phosphate buffer solution with pH ¼ 7.0 and shaken at 298 K. At certain time intervals, 2 ml of solutions were removed for analysis and replaced with a fresh portion of phosphate buffer. To generate release profile at pH ¼ 5.0 phosphoric acid was added in the same reaction dispersion after 2 h of experiment and the liberation of Dox was studied by the previously described procedure using phosphate buffer solution with pH ¼ 5.0. The absorbance of each collected solution was measured by UV spectroscopy at a wavelength of 483 nm and the content of released Dox was calculated taking into account the dilution of supernatant solution: 3. Results and discussion
Characterization of MCM-41-type silicas
In order to prove immobilization of chloroalkyl and (table 1) . S BET was calculated according to the multi-point BET method [47] . The pore diameters (D) and their distributions (dV/dD) were determined in accordance with the DFT method [48] [49] [50] . The total pore volume (V ) was estimated from the amount of adsorbed nitrogen at a relative pressure of 0.99.
Represented isotherms reveal the II-type in BET classification [47] and exhibit a sharp increase at relative pressures up to 0.2, which is associated with monolayer formation. Capillary condensation of nitrogen in the mesopore channels of silica materials with a narrow pore size distribution takes place at higher relative pressures (figure 4). The analysis of structural parameters demonstrates decrease in the specific surface area caused by chemical bonding of To confirm hexagonally ordered pore structure and obtain information about interplanar distances and unit cell parameters of synthesized silicas, small-angle X-ray diffraction was applied. Silica materials of MCM-41 type are characterized by the presence of from one to five reflections in the small-angle region (2u from 28 to 78) [51] . Decreasing of template hydrocarbon chain length or variation of the synthesis conditions often leads to the reduction of quantity of reflections in the diffractograms [52] . As can be seen in figure 5 , intense reflection of interference index (100) As can be seen from the TEM images, nanoparticles of MCM-41 silica are spherically shaped (figure 6). Their mean diameter is about 0.4 mm.
Doxorubicin loading and release
Loading of mesoporous channels of silica carriers with Dox molecules was realized from phosphate buffer solution with drug content near that necessary for monolayer formation. As can be seen from figure 7, concentration of Dox in supernatant solution decreases substantially after the interaction with MCM-41-type silicas. The loading efficiency of synthesized materials determined by UV rsfs.royalsocietypublishing.org Interface Focus 6: 20160041 spectroscopy measurements reaches 59 -76% (table 2) . It was found that despite the lack of N-[N 0 -(N 0 -phenyl)-2-aminophenyl]aminoalkyl group contribution to adsorption of Dox on ADPA-CMTCS-MCM-41 and ADPA-CPTES-MCM-41 silicas, the loading of drug into amino-containing silicas is slightly higher compared with chloroalkyl ones. Obviously, aromatic amino groups that were immobilized on the external surface of silica particles protect adsorbed drug molecules from elution by rinsing with small amounts of buffer solution with pH ¼ 7.0 and enhance Dox retention in the mesopores, and, as a result, cause an increase in loading capacity on the whole. A similar pattern is observed for silica carriers equipped with supramolecular nanovalves ( figure 7; table 2 ).
The creation of efficient drug delivery system along with the high loading capacity and the ability of silica carrier to store and release biologically active substances on demand has substantial importance. In order to prove that the drug liberation can be controlled by pH-responsive molecular and supramolecular nanovalves, the release of Dox from silicas with chemically immobilized chloroalkyl and N-[N 0 -(N 0 -phenyl)-2-aminophenyl]aminoalkyl groups as well as equipped with macrocyclic oligosaccharide component was studied. Obtained results are summarized in figure 8 and table 2. It can be seen that Dox liberation is both time-and pH-dependent (figure 8). Rapid delivery of Dox at pH ¼ 7.0 occurs only within the first ten minutes. Obviously, transition of drug molecules localized on the external surface of silica particles and nearby pore openings into the phosphate buffer medium takes place in this time interval. Then Dox release rate decreases significantly due to the delivery of molecules that are located inside carrier mesopores. As seen from figure 8, the leakage of Dox from silica carriers at pH ¼ 7.0 is negligible in time interval from 10 to 120 min. It can be supposed that this process is limited not only by the diffusion through the mesopore channels but also by hydrogen bond formation and electrostatic interactions between Dox molecules and surface of organosilicas. The retention of Dox at pH ¼ 7.0 can be clearly explained on the basis of analysis of protolytic properties of Dox and functional groups of organosilicas (figures 9 and 10). Thus, in the phosphate buffer solution with pH ¼ 7.0 approximately 56% of the silanol groups located in pores of organosilicas are ionized, whereas 93% of Dox daunosamine groups are protonated. Negatively charged Despite small Dox quantities liberated from the mesoporous channels of silica carriers during kinetic experiments at pH ¼ 7.0, the drug quickly passes into solution on pH lowering (figure 8). It can be supposed that aromatic amino groups cooperate at pH ¼ 7.0 and serve as molecular nanovalves preventing Dox release from mesopore channels [13] . Decrease of pH leads to the protonation of the secondary amino groups of surface organic radicals, their repulsion, and subsequent opening of pore orifices. Similar behaviour is observed for silica carriers equipped with supramolecular nanovalves: protonation of aromatic amino groups leads to their repulsion and simultaneous decrease of surface inclusion complex stability that is accompanied with drifting of oligosaccharide moieties further from the silica surface ( figure 11) . Moreover, on acidifying of suspension to pH ¼ 
Conclusion
In this work, silica carriers equipped with pH-responsive molecular or supramolecular nanovalves were designed for controlled delivery of drug (Dox) molecules. Chemical immobilization of aromatic amine radicals on the surface of mesoporous silica was realized by combination of sol-gel synthesis and selective postsynthetic modification of external surface by assembly method. It was proved that supramolecular nanovalves that are formed by surface aromatic amino groups and b-CD macromolecules supplied from solution block the mesopore openings in neutral medium more efficiently than molecular ones. Liberation of Dox takes place under mildly acidic conditions. The stability of inclusion complexes formed between cyclic oligosaccharide (b-CD) and surface N-[N 0 -(N 0 -phenyl)-2-aminophenyl]aminoalkyl radicals decreases substantially on protonation of their secondary amino groups. So, b-CD moieties drift further from the surface, whereas positively charged amino groups repulse each other, providing unhindered Dox liberation.
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